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ABSTRACT Directed differentiation of stem cell lines into intestine-like tissue called induced human intestinal organoids (iHIOs) 
is now possible (J. R. Spence, C. N. Mayhew, S. A. Rankin, M. F. Kuhar, J. E. Vallance, K. Tolle, E. E. Hoskins, V. V. Kalinichenko, 
S. I. Wells, A. M. Zorn, N. F. Shroyer, and J. M. Wells, Nature 470:105-109, 201 1). We tested iHIOs as a new model to cultivate 
and study fecal viruses. Protocols for infection of iHIOs with a laboratory strain of rotavirus, simian SA1 1, were developed. 
Proof-of-principle analyses showed that iHIOs support replication of a gastrointestinal virus, rotavirus, on the basis of detection 
of nonstructural viral proteins (nonstructural protein 4 [NSP4] and NSP2) by immunofluorescence, increased levels of viral 
RNA by quantitative reverse transcription-PCR (qRT-PCR), and production of infectious progeny virus. iHIOs were also shown 
to support replication of 12/13 clinical rotavirus isolates directly from stool samples. An unexpected finding was the detection of 
rotavirus infection not only in the epithelial cells but also in the mesenchymal cell population of the iHIOs. This work demon- 
strates that iHIOs offer a promising new model to study rotaviruses and other gastrointestinal viruses. 

IMPORTANCE Gastrointestinal viral infections are a major cause of illness and death in children and adults. The ability to fully 
understand how viruses interact with human intestinal cells in order to cause disease has been hampered by insufficient methods 
for growing many gastrointestinal viruses in the laboratory. Induced human intestinal organoids (iHIOs) are a promising new 
model for generating intestine-like tissue. This is the first report of a study using iHIOs to cultivate any microorganism, in this 
case, an enteric virus. The evidence that both laboratory and clinical rotavirus isolates can replicate in iHIOs suggests that this 
model would be useful not only for studies of rotaviruses but also potentially of other infectious agents. Furthermore, detection 
of rotavirus proteins in unexpected cell types highlights the promise of this system to reveal new questions about pathogenesis 
that have not been previously recognized or investigated in other intestinal cell culture models. 
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There are annually an estimated 1.7 billion episodes of acute 
diarrhea that contribute to the large disease burden of diar- 
rheal diseases (1, 2). Collectively, enteric viruses, predominantly 
rotaviruses, noroviruses, astroviruses, and enteric adenoviruses, 
cause the greatest number of annual cases of diarrhea (1, 3, 4). 
Furthermore, novel viruses could also be responsible for a portion 
of the -12% to 40% of sporadic diarrheal episodes and outbreaks 
that remain of unknown etiology even after extensive testing (5- 
7). The inability to easily cultivate many enteric viruses presents a 
major challenge to advancing our understanding of virus-induced 
diarrhea. While conditions have been established to cultivate, with 
various degrees of success, some laboratory- adapted strains of hu- 
man enteric adenoviruses, canonical human astroviruses, and hu- 
man rotaviruses, efforts to cultivate clinical strains of these viruses 
have largely been met with only limited success (8-10). Human 
rotaviruses in clinical samples maybe culture adapted if subjected 
to several passages in primary African green monkey kidney cells, 
with additional passages in MA 104 cells (11). Additionally, there 
is currently no model that is sufficient for growth of any strain of 
human norovirus (12). Culturing the increasing number of novel 



viruses and other microorganisms that are being discovered using 
sequence-based techniques is also proving to be quite challenging. 
Therefore, improved intestinal culture systems are needed to en- 
able growth of enteric microorganisms and facilitate further bio- 
logical investigations of them. 

Methods have existed for some time to culture primary epithe- 
lial cells from mice as 3 -dimensional structures called organoids, 
and some of these organoid models have been used to study rota- 
viruses (13, 14). However, these methods were not sufficient for 
the generation of human intestinal organoids. Recently, a new 
method was described for directing differentiation of human em- 
bryonic or induced pluripotent stem cell lines into intestine -like 
tissue referred to as induced human intestinal organoids (iHIOs) 
(15, 16). These organoids contain multiple cell types, including 
enterocytes, goblet cells, enteroendocrine cells, Paneth cells, and 
mesenchymal cell populations. The epithelial cells are organized 
around luminal cavities located within the core of the iHIOs, and 
mesenchymal cells surround the epithelial cell layer. Furthermore, 
some functional and physiological properties of the organoids 
have been demonstrated by the presence of brush borders on en- 



July/August 2012 Volume 3 Issue 4 e00159-12 



mBio' mbio.asm.org 1 



Finkbeiner et al. 



terocytes, production of mucin by goblet cells, and functional 
peptide transport systems as assessed by uptake of a fluorescently 
labeled dipeptide (15). This breakthrough in the ability to gener- 
ate human organoids as a model of intestinal tissue prompted the 
study described here by examining the use of iHIOs as a potential 
model for the growth of enteric viruses. 

Many laboratory strains of rotavirus grow readily in cell cul- 
ture (8). Rhesus rotavirus (RRV; strain G3P [3] ), which has a wide 
cellular tropism, was chosen to develop methods for carrying out 
viral infections (IFs) of iHIOs and as proof of principle that iHIOs 
can support enteric virus replication. Detailed protocols for the 
development and characterization of iHIOs are described else- 
where (16). Briefly, the NIH-approved embryonic stem cell line 
WA09 (originating from the WiCell Research Institute and ob- 
tained from the Baylor College of Medicine Human Embryonic 
Stem Cell Core) was cultured using feeder-free conditions. Stem 
cells were split at a high density, and, once they reached 85 to 90% 
confluence, cells were treated for 3 days with a series of differen- 
tiation media containing activin A to begin differentiation into 
definitive endoderm. Definitive endoderm was then treated for 2 
to 5 days with growth factors Wnt3a and FGF4, leading to forma- 
tion of hindgut spheroids. Once spheroids spontaneously de- 
tached from monolayers, they were collected, embedded into 
matrigel (BD Biosciences), and supplied with media supple- 
mented with intestinal growth factors (Wnt3a, R-Spondinl, Nog- 
gin, and epidermal growth factor [EGF]; all supplied from R&D 
Systems). Spheroids matured into intestinal organoids over the 
course of ~ 1 to 2 months before they were used for experiments. 
We examined the expression of a number of cellular markers by 
immunofluorescence and confirmed that our iHIOs showed 
staining patterns similar to those of the iHIOs published in the 
original paper (15). These included villin (Fig. SI) as well as Cdx2, 
Muc2, dipeptidyl peptidase IV (DPPIV), chromogranin A, 
E-cadherin (E-cad), cystic fibrosis transmembrane conductance 
regulator (CFTR), and alkaline phosphatase (data not shown). 
For all experiments, similar numbers of organoids, ranging from 7 
to 15 organoids per set of conditions, were used under all condi- 
tions within a given experiment. 

The luminal cavities and surrounding layer of epithelial cells of 
the iHIOs are encased by mesenchymal cells (15), so iHIOs were 
physically cut open using tungsten needles to allow viral particles 
access to the epithelial cells. In doing this, iHIOs were also re- 
moved from the matrigel in which they were embedded and col- 
lected into 1.5-ml Eppendorf tubes. To remove excess matrigel 
and accumulated dead cells and mucus in the luminal cavities, 
iHIOs were then washed twice with phosphate-buffered saline 
(PBS). Infections were carried out by suspending the cut or- 
ganoids in 200 jul of Dulbecco's modified Eagle's medium and 
Ham's F12 medium (DMEM-F12) (Invitrogen) containing 
10 juJVl of the anti-apoptotic rho- associated coiled-coil- 
containing protein kinase (ROCK) inhibitor compound Y-27632 
(StemCell Technologies) and adding 10 /xl of RRV inoculum con- 
taining 10 7 PFU (multiplicity of infection [MOI], ~1) or DMEM- 
F12 for mock controls. iHIOs were inoculated with virus for 6 h 
and were manually agitated by inverting and flicking the tubes 
approximately every hour. At 6 h postinoculation (hpi), the virus 
inoculum was removed and iHIOs were washed twice with 1 ml of 
PBS before they were re-embedded into matrigel and covered with 
the normal growth media containing intestinal growth factors, 
after which iHIOs resealed to form a continuous epithelium sur- 



rounding the luminal cavity. At 24 hpi, iHIOs were fixed with 4% 
paraformaldehyde-PBS for 20 min at 4°C, stained with methylene 
blue for tracking purposes, embedded into optimal- cutting- 
temperature (OCT) freezing compound, and frozen at — 80°C to 
make frozen blocks for sectioning. Sections (5 jam) of iHIOs were 
then cut using a cryostat and stained for immunofluorescence 
analysis using antibodies against rotavirus nonstructural protein 4 
(NSP4) and the adherens junction protein E-cadherin (BD Bio- 
sciences; catalog no. 610182) to identify epithelial cells. NSP4 
staining was evident in RRV- infected iHIOs but not in mock- 
infected organoids (Fig. 1A). Confocal microscopy showed typical 
viroplasms (virus replication factories), as demonstrated by NSP2 
staining, surrounded by the rotavirus NSP4 protein (Fig. IB) (17). 

Proteolytic cleavage of VP4 rotavirus surface proteins en- 
hances infectivity of the virus (18, 19), so further efforts were 
undertaken to optimize conditions of infection of iHIOs with ro- 
tavirus. Infections were carried out as described above, with the 
addition of either trypsin or pancreatin to both the inoculation 
media and the normal growth media used once the organoids 
were re-embedded into matrigel. Bovine trypsin (Worthington) 
was tested at >180 U per mg of protein (10 jag/ml), as this is the 
concentration routinely used for rotavirus studies in other cell 
lines (8). A range of pancreatin (Sigma) concentrations (from 
1 jag/ml to 5 mg/ml) was tested based on concentrations that had 
previously been used to generate in vitro digestion models and to 
test for growth of other enteric viruses (12, 20). Preliminary anal- 
ysis by qualitative assessment of immunofluorescence images in- 
dicated that use of trypsin at 10 jug/ml and pancreatin treatments 
of 2.5 jag/ml or higher yielded a greater number of rotavirus - 
positive cells compared to no proteolytic treatment (data not 
shown). The optimal condition for growth of RRV in iHIOs was 
addition of pancreatin at 2.5 mg/ml to the medium. 

To quantitatively measure the effects of adding proteases to the 
iHIO infections, a TaqMan quantitative reverse transcription- 
PCR (qRT-PCR) assay targeting the gene for rotavirus structural 
protein 7 (VP7) was used to measure the increase in rotavirus 
RNA levels over time (21). RNA was extracted from mock- 
infected and infected organoids 1 hpi (as a baseline to account for 
any input virus that could be bound to the cells) and then at 24 and 
48 hpi. The VP7 assay was carried out as previously described (21), 
and GAPDH (glycer aldehyde- 3 -phosphate dehydrogenase) RNA 
was amplified in parallel under the same conditions using a com- 
mercially available assay (Applied Biosystems; catalog no. 
Hs99999905). Fold increases in VP 7 RNA levels were calculated 
using the delta- delta threshold cycle (C r ) formula [fold increase = 
2 ( ~ AACt) ] , normalizing to GAPDH, and using the 1 hpi time points 
as the calibrators for each set of conditions. For baseline samples 
in which there was no amplification of VP7, a C T value of 46 was 
assigned in order to calculate fold increases. While the addition of 
pancreatin at 2.5 mg/ml to the media represented the optimal 
concentration to use for rotavirus infections of iHIOs based on the 
preliminary immunofluorescence experiments, the high concen- 
tration caused some proteolytic degradation of the organoids dur- 
ing the 24-h infection period (data not shown). This presumably 
affected only the outer layers of mesenchymal cells, as the epithe- 
lial cells in the cores could still be visualized and were still sur- 
rounded by mesenchymal cells. Based on this observation, an ad- 
ditional condition was included in the qRT-PCR experiments to 
determine if the high concentration of pancreatin is needed 
throughout the course of infection or if it is dispensable after ini- 
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FIG 1 Rhesus rotavirus (RRV) replicates in induced human intestinal organoids (iHIOs). (A) Replication of virus in iHIOs inoculated with 10 7 PFU of RRV was 
evaluated by immunofluorescence analysis for nonstructural protein NSP4 (nonstructural protein 4) (green), E-cadherin (red), and DAPI (4',6-diamidino-2- 
phenylindole) nuclear staining (blue). (B) Confocal microscopy was used to visualize the formation of viral replication structures called viroplasms, which 
contain the nonstructural protein NSP2 (red) surrounded by NSP4 (green). The epithelial cells are marked by E-cadherin (blue). (C) Trypsin and various 
concentrations of pancreatin ("High/Low" = 2.5 mg/ml during the inoculation period followed by 2.5 ptg/ml for the remainder of the infection period) were 
tested to determine optimal conditions for growth of rotaviruses in iHIOs. GAPDH-normalized rotavirus VP7 RNA levels are shown as fold increases relative to 
those seen at 1 h postinfection. (D) Levels of infectious virus produced during iHIO infections were determined by fluorescent focus assays using MA104 cells. 
(E) Sequential sections from the same infected organoid showed NSP4 staining in E-cadherin-negative cells (left panel), which were positive for the mesenchymal 
cell markers vimentin and smooth-muscle actin (middle and right panels, respectively). White arrows indicate RV-infected mesenchymal cells. 



tial activation of the virus. For this condition (labeled the "High/ 
Low" condition), pancreatin was added at 2.5 mg/ml to the rota- 
virus infection of iHIOs during the 6-h inoculation period and 
then the medium was supplemented with the lower concentration 
of pancreatin at 2.5 jag/ml once the organoids were re-embedded 
into matrigel. Three replicate experiments were carried out using 
different batches of iHIOs. The fold increases in RNA levels were 
highly variable, resulting in ~1 to 2 log 10 differences between dif- 
ferent experiments. However, the trends were the same for each 
experiment in that the highest increase of RNA levels resulted 
from virus cultivation in the presence of pancreatin at 2.5 mg/ml 
(the results of a representative experiment are shown in Fig. 1C). 
However, the High/Low condition enhanced RNA levels in only 1 
of 3 replicates compared to continuous treatment with 2.5 mg/ml 
(as shown in Fig. 1C). One drawback of the iHIOs is that they are 
heterogeneous and can vary considerably in size and cellular con- 
tent, and this likely explains the degree of variation observed. In all 
experiments, the "High/Low" conditions resulted in a greater in- 
crease in RNA levels than the trypsin, low pancreatin, or no treat- 



ment conditions; however, the fold changes were less than those 
observed when pancreatin was present at 2.5 mg/ml throughout 
the course of the infection. This suggests that a high concentration 
of pancreatin is required throughout the course of infection for 
optimal virus replication, perhaps facilitating continual viral 
spread throughout the organoids. Therefore, pancreatin at 2.5 
mg/ml was included under all sets of infection conditions for sub- 
sequent experiments. 

To determine whether full replication of RRV occurred and 
infectious viral particles were produced in iHIOs, the yield of virus 
was measured with a rotavirus fluorescent focus assay (FFA) (8). 
iHIOs were infected with RRV as described for previous experi- 
ments, and at 1 and 48 hpi, the tubes containing 400 [A of media 
and organoids were frozen at — 80°C. After thawing, the organoids 
were sonicated for 1 min on ice and then subjected to two rounds 
of freeze/thawing before a final sonication step was performed for 
1 min. The lysates were then treated with trypsin at 10 jug/ml for 
30 min at 37°C to ensure complete activation of virus. This is the 
standard treatment used for FFAs and was used instead of pancre- 
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atin treatment because MA 104 cells are highly sensitive to the level 
of pancreatin used for infection of organoids, as they quickly de- 
tached from the plates in initial experiments (data not shown). 
Trypsin-treated lysates were then spun down to pellet cellular de- 
bris, and then 100 jixl of each lysate supernatant was added to 3 
wells of a 96 -well plate and was also used as the starting material 
for 10-fold serial dilutions in DMEM. Virus levels in the superna- 
tant dilutions were then determined by measuring titers using 
MA 104 cells and a fluorescent focus assay. Figure ID shows the 
average levels of fluorescent focus units (FFU) produced from 4 
experiments. iHIOs infected with RRV for 48 h produced an av- 
erage of 2.2 X 10 5 FFUs. In contrast, iHIOs infected for 1 h aver- 
aged only 100 FFUs, indicating de novo synthesis of infectious 
virus produced during the course of the 48 -h infection. Unlike the 
RV RNA levels, the levels of infectious virus produced during the 
course of infections in replicates were surprisingly similar. 

Examination of the cells within the iHIOs infected with RRV 
showed infection of epithelial cells, as expected. Surprisingly, ro- 
tavirus NSP4 protein was also detected in cells lacking E-cadherin 
(E-cad) expression. Figure IE shows staining of three sections 
focused on the same region of a single infected organoid. The 
E-cad-negative cells were confirmed to be part of the mesenchy- 
mal cell population based on the location and organization of the 
cells and their expression of two mesenchymal cell markers, vi- 
mentin (AnaSpec; catalog no. 53945) and smooth-muscle actin 
(SMA) (Abeam; catalog no. ab5494) (Fig. IE). Vimentin, an in- 
termediate filament protein and the major cytoskeletal compo- 
nent of mesenchymal cells, serves as a general marker of mesen- 
chymal cells. The cytoskeletal protein SMA is a marker of 
intestinal myofibroblasts and smooth-muscle cells. To our knowl- 
edge, there have been no previous reports of rotavirus infection of 
intestinal mesenchymal cells. However, this finding is consistent 
with previous reports describing the ability of rotavirus strains to 
bind to the a:4/31 integrin sub unit, which is expressed on intestinal 
mesenchymal cells (22). It remains unclear whether this finding 
suggests a true role for mesenchymal cells in rotavirus infection or 
whether it is an artifact of exposure to a population of cells that the 
virus does not normally encounter in a natural infection. Further- 
more, it is important to determine whether mesenchymal cells 
support production of infectious virus, since incomplete replica- 
tion in mesenchymal cells could be an explanation for the high 
variation in viral RNA levels compared to the similar levels of 
infectious particles observed in the experiments. These matters 
require further investigation and further characterization of 
which specific mesenchymal cell populations are susceptible to 
rotavirus infection. 

Growth of clinical isolates of rotavirus from stool is typically 
challenging, as is the case for many enteric viruses. Often, clinical 
isolates of rotavirus must be subjected to multiple rounds of blind 
passaging in primary cells before they can then be grown in con- 
tinuous cell lines (11). Even then, this approach is not always 
successful. Since iHIOs seemingly recapitulate intestinal tissue, we 
hypothesized that they may provide a useful means of studying 
clinical isolates of rotavirus in addition to laboratory strains. Thir- 
teen stool samples were therefore selected from an archive of pe- 
diatric stools submitted to Texas Children's Hospital between 
2002 and 2010 for viral enteropathogen testing. Samples that were 
positive for rotavirus either by electron microscopic analysis or by 
enzyme-linked immunoassay (VIDAS rotavirus [RTV] assay; bio- 
Merieux, South Africa) were selected for cultivation. Suspensions 



(10% [wt/vol]) of stool were prepared in PBS and subjected to 
low-speed centrifugation to pellet debris, and the supernatants 
were then sequentially filtered through 0.8- jam- and 0.45- jam- 
pore-size filters. RNA was extracted from filtrates in order to de- 
termine the genotype of each isolate by the use of standard assays 
(23, 24). Genotyping showed that the panel of stools contained a 
variety of strains, including 5 G9P[8], 4 G1P[8], 2 G3P[8], 1 
G2P[4], and 1 G3P[untypeable] (Fig. 2A; Fig. S2). 

Infections of iHIOs were carried out as described above using 
pancreatin (2.5 mg/ml). Since the virus titers in the clinical spec- 
imens were unknown and presumed to be variable among the 
samples, 100 pel of filtrate was added to 100 \A of DMEM and 
supplemented with 10 juM ROCK inhibitor Y-27632 for each in- 
fection. Rotavirus infection (NSP4-positive staining) was ob- 
served in organoids infected with 12 of the clinical isolates. Sample 
TCH-03-319 was the only sample for which no positive cells were 
detected. Images from a subset of these infections are shown in 
Fig. 2A, and images from the remaining infections are shown in 
Fig. S2. Infections with some isolates resulted in many very 
brightly stained cells, while others were less robust. 

To further analyze the ability of iHIOs to support replication of 
rotavirus clinical isolates, the RV VP7 qRT-PCR assay was used to 
assess whether there was an increase in RNA levels over time for 
each isolate. Results of experiments conducted with a subset of 
isolates in which three independent infections were carried out for 
each isolate are shown in Fig. 2B. Infections with the remaining 
isolates were carried out only once for qRT-PCR analysis (Fig. S3). 
Use of the VP 7 qRT-PCR assay with RNA extracted from the 
original filtrates revealed that one isolate (TCH-04-35) was not 
amplified by the VP7 qRT-PCR primer/probe set (data not 
shown), so RNA levels could not be determined for that isolate. 
That virus was perhaps more divergent from the others, as it was 
the only G2P [4] strain in the panel. An increase in RNA levels at 24 
and 48 hpi was detected for all the other isolates (11/11) that had 
been IF positive; no VP7 RNA was detected at any time point for 
TCH-03-319, which had also been IF negative (Fig. 2B; Fig. S3). As 
seen with the RRV infections, the RNA levels were highly variable 
in the cases where multiple replicates were carried out for a given 
isolate. However, at 24 hpi, the majority of samples had a > 10- 
fold increase in VP7 RNA levels, and by 48 hpi, all samples had a 
> 10-fold increase, with several samples (9/12 in at least one rep- 
licate) having a > 100-fold increase. Despite the variability in the 
levels of RNA produced, successful infection of iHIOs with clinical 
isolates of rotavirus directly from stool was achieved for the ma- 
jority of samples tested, making this a promising system for study- 
ing clinically important strains of rotavirus. The results of exper- 
iments performed to grow 12 of the clinical isolates (the isolate not 
detected by the VP7 qRT-PCR assay was excluded) in MAI 04 cells 
suggest a distinct growth advantage for most of the isolates in the 
organoids compared to MA 104 cells. The fold increases of VP7 
RNA levels at 24 hpi were at least -10 times greater in the or- 
ganoids than in MA 104 cells for the majority (9/12) of samples 
(data not shown). Thus, the ability to use iHIOs as an infection 
model for clinical RV isolates represents an advantage over other 
culture systems that involve using immortalized or cancer- derived 
cell lines. 

This was an original and inaugural study designed to demon- 
strate the functional relevance of stem cell- derived organoids in 
relation to an infectious agent. The demonstration that iHIOs 
support replication of rotaviruses suggests that iHIOs are an in- 
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FIG 2 Clinical isolates of human rotavirus replicate in iHIOs. (A) A total of 1 3 
stool nitrates (10% [wt/vol] in PBS) were used to infect iHIOs in the presence 
of pancreatin at 2.5 mg/ml. NSP4 was detected in 12 of 13 iHIO infections with 
isolates at 24 hpi (additional samples are shown in Fig. S2). (B) Increases in 
rotavirus VP 7 RNA levels over time, as determined by normalizing to GAPDH 
and plotting the fold increases relative to 1 hpi, are shown. Due to high varia- 
tion between experiments, the data for 3 replicates are shown and error bars 
are for 3 amplifications per sample. Results for additional samples are shown in 
Fig. S3. 



valuable tool to improve understanding of aspects of rotavirus 
biology. Furthermore, the proof of principle that iHIOs support 
growth of enteric viral pathogens directly from stool provides 
promise that this system can support replication of other enteric 
agents and perhaps even those that have traditionally been diffi- 
cult or impossible to grow. Another protocol for the generation of 
human intestine-like tissue has been described since this study 
began in which epithelial organoids are generated from human 
intestinal biopsy samples (25). The organoids generated by that 
protocol have not yet been evaluated for their ability to support 
rotavirus replication, but comparative studies in those organoids, 
which do not contain mesenchymal cells, since they are exclusively 
derived from epithelium, would be of interest for the study of 
infectious agents. 

iHIOs were maintained up to 3 months, although they can be 
maintained for even longer periods. Once established, iHIOs can 
be frozen and expanded as needed and they may negate the need 
for euthanizing African green monkeys in order to prepare pri- 
mary cells for the cultivation of rotavirus clinical isolates. The 
iHIOs described in this report were used at 1 to 2 months of age, 
but we also used 3 -month-old iHIOs successfully in other exper- 
iments. In our hands, the age of the iHIOs did not affect their 
ability to be infected with rotaviruses. This may not be true for 
other infectious agents, as they may have specific requirements 
with respect to the differentiation state or composition of the 
iHIOs. Therefore, in future studies using organoid models of in- 
testinal tissue, it will be important to better characterize the cellu- 
lar composition, architecture, and differentiation state of the 
iHIOs as they age and also the expression profiles of proteins lo- 
cated along the different segments of the intestine. Such a biolog- 
ically relevant model of intestinal tissue offers promise to open up 
new avenues of research into host-pathogen interactions in the 
gut and could reveal new insights into a variety of topics, including 
epithelial innate responses, activation of death pathways, and 
physiological responses to enteric infections. 

SUPPLEMENTAL MATERIAL 

Supplemental material for this article may be found at http://mbio.asm.org 
/lookup/suppl/doi:10.1128/mBio.00159-12/-/DCSupplemental. 

Figure SI, TIF file, 2.3 MB. 

Figure S2, EPS file, 9.8 MB. 

Figure S3, EPS file, 2.7 MB. 
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